The process, by which three kinds of bismuth ferrites (BiFeO 3 , Bi 25 FeO 40 , and Bi 25 FeO 40 -BiFeO 3 ) were synthesized for 1 h through a microwave hydrothermal method by changing the KOH concentration and the temperature, is summarized in this article. The as-prepared bismuth ferrite powders were characterized by the X-ray diffraction, the field emission scanning electron microscopy, and the transmission electron microscope, and the band gaps, specific surface areas, photocatalytic and magnetic properties were explored as well. The results showed that the degradation degree of methyl orange using BiFeO 3 , Bi 25 FeO 40 , and Bi 25 FeO 40 -BiFeO 3 as catalyst were 35%, 52%, and 90% at 2 h, respectively, and the magnetizations of the three powders were 0.07, 3.17, and 0.55 emu/g, respectively. This indicated that the porous cubic Bi 25 FeO 40 -BiFeO 3 powder has the best photocatalytic property of the three, making it useful as a new type of photocatalytic material which can be easily recycled by magnetic separation.
I. Introduction
T HE coexistence of photocatalytic and magnetic properties in bismuth ferrites has drawn much attention recently, and they possess many different possible crystal structures, such as the sillenite-Bi 25 FeO 40 and the multiferroic BiFeO 3 . Bi 25 FeO 40 , in particular, has no inversion center, and it belongs to the space group I23. 1 It is prone to defects which are the cause of its nonlinear optical effect and piezoelectric effect, 2, 3 making it a promising visible-light photo-catalyst. BiFeO 3 (BFO), on the other hand, is a rhombohedrally (R3c) distorted ferroelectric perovskite with T c~8 30°C and shows G-type antiferromagnetism up to T N~3 70°C. [4] [5] [6] Moreover, the energy gap of BFO is about 2.1 eV, making it also a novel photo-catalyst with both ferroelectric and antiferromagnetic properties. 7 In addition, both these materials can be easily recycled.
Currently there are many methods for preparing bismuth ferrites powders, such as the solid-state method, 8 the sol-gel method, 9 ,10 the coprecipitation method 11, 12 and the hydrothermal method. 13, 14 However, it is hard to prepare pure phases of either Bi 25 FeO 40 or BFO, or Bi 25 FeO 40 -BFO mixtures with specific ratios through the above methods, but it can be achieved by a microwave hydrothermal (MH) method. Moreover, the MH method is a new method that can greatly accelerate the reaction; only 30 min was needed when preparing the bismuth ferrites powders by the MH method. 15 Therefore, the MH process is of considerable interest, both in science and in industry recently, for its quick, simple, uniform and energy efficient properties.
Using FeCl 3 ·6H 2 O and Bi(NO 3 ) 3 ·5H 2 O as raw materials, and KOH as a mineralizer, the pure phase Bi 25 FeO 40 , the pure phase BFO and a new porous cubic material, Bi 25 FeO 40 -BFO had been prepared and this process has been documented in this article. The porous cubic Bi 25 FeO 40 -BFO powder has the most excellent photocatalytic activity of the three materials.
II. Experimental Procedure
(1) Synthesis of Bismuth Ferrites All chemical reagents were of analytical grade purity without any further purification. Bi(NO 3 ) 3 ·5H 2 O and FeCl 3 ·6H 2 O were dissolved in 20 mL glycol to form the transparent solution of 0.15 mol/L, which was then added dropwise to 0.3 mol/L aqueous ammonia. After stirring for 0.5 h, the resulting precipitate was washed and filtered with deionized water several times until the upper clear liquid was with neutral pH, and then the resulting precipitate was aged at room temperature for 7 days. The precipitate was then put into the reaction vessels (90 mL), followed by distilled water until the total volume reached 60 mL. Then varying amounts of KOH (0-10 mol/L) were added to the precursor. The MH reactions were carried out at different reaction temperatures (160°C-230°C) for 1 h. After the MH treatment, the product was centrifuged and washed with distilled water several times until the upper clear liquid was with neutral pH, and then the product was washed with absolute ethanol twice and finally dried at room temperature.
(2) Characterization The MH reaction was carried out with a Closed Vessel Microwave Chemistry Workstation (MDS-8, Sineo Microwave Chemistry Technology Co., Ltd, Shanghai, China). The phase purity and crystallinity of as-prepared products were characterized by the X-ray diffraction (XRD, Model D/ Max2550VB+/PC, Rigaku Co., Tokyo, Japan) at a scanning rate of 5°min À1 in the 2h range of 20°to 70°, with CuKa radiation (k = 1.5406 Å ) at 40 kV and 50 mA. The morphology of the as-prepared samples was observed by the field emission scanning electron microscope (FE-SEM; JSM-6400, JEOL, Tokyo, Japan) and the transmission electron microscope (TEM, JEM-3010, JEOL). The properties of the powder were characterized by the BET method (BET, F-Sorb 2400, GAPP, Beijing, China) and the UV-Vis diffuse reflectance spectrum (DRS, U-4100, Hitachi, Tokyo, Japan). The photocatalytic activity of the powder was studied with a UV-Vis spectrophotometer (SP-756p) and a photochemistry reaction instrument (XPA-7, XJ, Nanjing, China) using a 300 W mercury lamp as the light source. The initial concentration of methyl orange was 20 mg/L, and the concentration of the catalyst was 1 g/L.
(3) Recovery Methods First, 0.3 g powder was put into a 50 mL beaker of, then 40 mL deionized water was added to the beaker. After supersonic dispersing for 10 min, the powder was recovered by deposition method and magnetization method, respectively. With the deposition method, the as-dispersed suspension was deposited at room temperature for 10 min, and then the deposits were collected and weighed. A simple method was used to prove that the powder could be recovered by the magnetization method. The magnet (d = 20 mm, L = 5 mm) encased with preservative film was put into the as-dispersed suspension. Then, the magnet was pulled from top to bottom slowly for 10 min to increase the adsorption of the powders. After that, the powders on the beaker bottom and the magnet were collected and weighed.
III. Results and Discussion
(1) Preparation Range Figure 1 shows the conditions that permit the formation of pure phase Bi 25 FeO 40 (a), Bi 25 FeO 40 -BFO (b), and pure phase BFO (c). The first was easier to form since it required only a low temperature over the various quantities of KOH added. As the temperature increased, Bi 25 FeO 40 was gradually transformed into BFO, resulting in area B.
The boundary between area B and C is wavelike, which is due to the effects of temperature and KOH concentration on the solubility of Fe(OH) 3 . In regions where the line is increasing, such as segment ab, the KOH level is not enough to allow enough dissolution of the Fe(OH) 3 , so an increase in pressure through temperature is needed. As the KOH concentration increases, the association between KOH and water decreases the overall pressure, thus requiring a higher temperature to achieve the appropriate pressure. In the regions where the line is decreasing, such as segment bc, the KOH level is appropriate to dissolve the Fe(OH) 3 , so that the lower pressure is not an issue. Thus, as the concentration increases, and the dissolution is more effective, less pressure, and therefore less heat, is required. Finally, the sharper slopes of the wave line at lower KOH concentrations indicate that the system was more sensitive to changes in this region. The precursor solution mainly consisted of Fe(OH) 3 and Bi(OH) 3 , but because the solubility of Fe(OH) 3 and Bi(OH) 3 are different (K sp (Fe(OH) 3 ) = 2.8 9 10
À39 , K sp (Bi(OH) 3 ) = 4 9 10 À31 ) it was more difficult for Fe(OH) 3 to dissolve in the aqueous solution. In the microwave-hydrothermal reaction system, Fe(OH) 3 and Bi(OH) 3 From the above results, it could be concluded that the reaction was less violent below 180°C, and that in situ crystallization played an important role during this period. When the reaction temperature increased to 180°C in situ crystallization occurred in the cube-like Bi 25 FeO 40 powder prepared at 160°C, forming the porous cube-like powders. With the temperature increasing further, the reaction gradually became more violent, dispersing the powders and allowing the dissolve-repreparation reaction to occur. Therefore, the mussel-like powders began to form at 190°C, and when the temperature was 200°C, the dissolve-recrystallization acted as the main reaction, producing solely mussel-like powders.
(B) 0.15 mol/L KOH: The XRD patterns of as-prepared powders prepared at different temperatures with 0.15 mol/L KOH are shown in Fig. 4 . It could be seen that the pure phase Bi 25 FeO 40 was obtained at the reaction temperature of 160°C with 0.15 mol/L KOH [ Fig. 4(a) ]. When the reaction temperature increased to 170°C, the intensity of the Bi 25 FeO 40 peaks decreased sharply and the peaks were very low [ Fig. 4(b) ]. With the increase of the reaction temperature, Bi 25 FeO 40 phase was transformed to BFO phase gradually. This trend continued until pure phase BFO was obtained at 200°C. Figure 5 shows the SEM images of the powders prepared at different temperatures with 0.15 mol/L KOH. The Bi 25 FeO 40 powders prepared at 160°C [ Fig. 5(a) ] were the cube-like blocks with the size of 5-7 lm. When the reaction temperature was increased to 180°C, the porous cube-like powders of about 10 lm were formed and they were made of little plates with sizes lesser than 1 lm [Fig. 5(b) ]. Flowerlike powders appeared at 190°C, they were made of plates and mussel-like particles of about 5 lm, but there were also some porous cube-like powders in Fig. 5(c) . However, when (3) Specific Surface Areas Figure 6 shows the desorption curves tested by reference method. As the peak area increased, the specific surface area was increased. Fig. 8(b) ]. The size was decreased. The diffraction rings were clearer, indicating that the crystallinity was better. When the KOH concentration increased to 10 mol/L, the Bi 25 FeO 40 powders were fiberlike of about 10 nm [Fig. 8(c) ]. This might be caused by the [321] orientated growth, which agreed with the XRD results of Fig. 7 . The diffraction rings were much clearer, indicating that the crystallinity of the Bi 25 FeO 40 powder was improved further. Figure 9 shows the degradation of methyl orange versus time plot using Bi 25 FeO 40 prepared at 160°C with different KOH concentrations as the catalysts. The degradation of methyl orange solution increased with the irradiation time. When Bi 25 FeO 40 prepared with 1, 5, and 10 mol/L, respectively, were used as catalysts, the methyl orange solutions were degraded by 74%, 83%, and 95%, respectively, after 4 h of irradiation. With the increase of KOH concentration, the crystallinity of the Bi 25 FeO 40 powder increased and the morphology was changed from platelike into fiberlike. These might be the major factors in the compounds accelerated photo-catalytic degradation ability.
(B) 180°C: The XRD patterns of as-prepared powders are shown in Fig. 10 Fig. 10(c) ]. This indicated that the crystallinity of the Bi 25 FeO 40 particles was poor. The peaks of Fig. 10(d) were much higher than those in Fig. 10(c) . This indicated that the crystallinity of Bi 25 FeO 40 prepared with 2.0 mol/L KOH was better. Figure 11 shows the SEM images of the powders prepared at 180°C with different KOH concentrations. The Bi 25 FeO 40 -BFO powders prepared with 0.05 mol/L KOH [ Fig. 11(a) ] were porous cube-like powders of about 10 lm. With the increase of KOH concentration the porous cube-like powders were decreased, while the small particles and large irregular blocks increased [Figs. 11(b) and (c) ]. When the KOH concentration was increased to 0.3 mol/L, the pure phase of Bi 25 FeO 40 powders was prepared. There were large irregular blocks agglomerated by little plates of about 5 nm [ Fig. 11(d) ]. The cube-like Bi 25 FeO 40 powders of about 10 lm were formed with 2.0 mol/L KOH [ Fig. 11(e) ] and they were made of little cubic particles, as shown in the enlarged partial view Fig. 11(f) . Figure 12 shows the degradation of methyl orange versus time plot using powders prepared at 180°C with different The specific surface area and the photo-catalytic properties of nano-particles should be much higher than that of micro-particles (Fig. 6) . However, the crystallinity was much lower than that in the Bi 25 FeO 40 cubes (Fig. 10) . Thus, with little Bi 25 FeO 40 plates and the Bi 25 FeO 40 cubes used as catalysts, the methyl orange solutions were degraded by 62% and 58%, respectively. Both showed poor photo-catalytic properties.
(C) 200°C: The XRD patterns of as-prepared BFO powders are shown in Fig. 13 . It could be seen that the pure phase BFO could be obtained at 200°C with 0.05, 0.15, 0.5, and 1.5 mol/L KOH, respectively. The results agree with those in Fig. 1 . There was little Bi 25 FeO 40 phase as shown in Fig. 13(a) . In the lower KOH concentrations region, it was hard to control the preparation of BFO powder. It could also be seen that all the BFO powders had the strong growth along (012), (104), and (110) crystal orientation. Figure 14 shows the SEM images of the BFO powders prepared at 200°C with different KOH concentrations. The BFO powders prepared with 0.05 mol/L KOH [ Fig. 14(a) ] were with the mussel-like particles. When the KOH concentration was increased to 0.15 mol/L, the BFO powders were flowerlike of 4-15 lm [Fig. 14(b) ]. The big flowers were made of many plates of about 1 lm and the small flowers were made of mussel-like particles of about 2 lm. Flowers of about 10 lm were formed with 0.5 mol/L KOH [ Fig. 14(c) ] and the flakes were about 1 lm. With the increase of KOH, the size of particles decreased further. The BFO powders obtained with 1.5 mol/L KOH were with flowers of about 10 lm, and the flakes were about 0.5 lm [Fig. 14(d) ]. These results indicated that the BFO particle size decreased with the KOH concentration increasing. It was easier for BFO grain to dissolve in the higher KOH concentration. Thus, as the concentration increases, the BFO particle was smaller. Figure 15 shows the TEM images of BFO powders prepared at 200°C with different KOH concentrations. It could be seen from Fig. 15(a) (Figs. 13 and 14) . It also indicated that the KOH concentration had a little effect on the main crystal orientation of the BFO. Figure 16 shows the degradation of methyl orange versus time plot using powders prepared at 200°C with different KOH concentrations as the catalysts. The degradation of methyl orange solution increased with the irradiation time. With powders prepared with 0.05, 0.15, 0.5, and 1.5 mol/L used as catalysts, the methyl orange solutions were degraded by 30%, 35%, 48%, and 58%, respectively, after 4 h of irradiation. According to Figs. 14 and 15, the BFO particle size decreased with the KOH concentration increase and they (Fig. 13) . Thus, the decrease of the particle size and the increase of the specific surface areas accelerated photo-catalytic degradation ability. 85.92, and 30.09 m 2 /g, respectively (Fig. 6 ). Although the little Bi 25 FeO 40 plates had a significantly higher specific surface area, the crystallinity was very low (Figs. 7 and 8) . Thus, the photo-catalytic properties of the little Bi 25 FeO 40 -160 fibers were poor. The large specific surface area of the Bi 25 FeO 40 -BFO was caused by its porous cube-like morphology. The specific surface area of the porous cube-like Bi 25 FeO 40 -BFO was much higher than that of the BFO-1.5 powders. Both Bi 25 FeO 40 -BFO and BFO-1.5 were well crystallized. According to Fig. 17(b) , the band gaps of BFO, Bi 25 FeO 40 -BFO, and Bi 25 FeO 40 powders were 1.92, 1.81, and 1.78 eV. These results indicated that the porous cube-like morphology, significantly higher specific surface area, and high crystallinity of Bi 25 FeO 40 -BFO were major factors in the compounds accelerated photo-catalytic degradation ability. 
